Abstract:
Introduction 26
Energy-harvesting systems which convert heat into electricity with the use of thermoelectric 27 energy generation (TEG) devices are being constantly developed and manufactured [1] [2]. A 28 number of currently available and applicable low-grade waste heat recovery methods adopt 29 thermoelectric (TE) modules including plant/district/water heating, direct power generation 30 and others [3] . TE modules offer low cost electricity without moving parts or production of 31 environmentally deleterious wastes [4] . However, the optimal performance of TE modules 32 depends on several factors like material properties and operation strategy [5] .
33
Various research efforts are underway to improve the performance of TE conversion 34 system. The integrated thermoelectric devices are also developed by restructuring them to 35 allow more heat to enter the p-n junctions, thereby producing more power output [6] . Product 36 development for TEG devices requires solving a couple of challenges in material and system 37 construction aspects for numerous TEG system applications [7] . Accuracy of mathematical 38 models used in thermoelectric simulation is assessed with special reference to thermal 39 influence of insulated air zone and radiation heat [8] . Heat transfer analysis between TEG cold 40 and hot plates reveals that the developed model is of theoretical significance in guiding TEG 41 design for high-power or large-temperature-difference application. Different TEG structures 42 including rotated and coaxial leg configurations [9] , rectangular prism and cylindrical legs [10] , 43 have been evaluated with regards to power output, temperature distribution, conversion 44 efficiency and thermal stresses in the legs. Not forgetting to mention the concentric cylindrical 45 design which is also applied to TEG system with improved power output [11] . With all these 46 efforts, it is still necessary to do more research work on the performance improvement for TEG 47 systems.
48
Maximum power point tracking (MPPT) methods for a long time have been applied to 49 improve the performance of photovoltaic (PV) system in both normal and partial shading 50 conditions [12] . In order to fully utilize the energy generated from TEG systems, dc-dc 51 converters with MPPT are being adopted to stabilize the output voltage generated from TEG 52 as well as to ensure maximum power extraction from TEG system [ supercapacitor is used as the load to the system purposely to increase the tracking response.
56
The authors in [14] presented a simple MPPT method for TEG which is based on controlling a 57 power converter such that it operates on a pre-programmed locus of operating points close to 58 the MPPs of the power-voltage curves. In their work, a single battery is used as the load. In method with batteries used as the load to the system. In reality, temperature profiles are random 62 in nature, especially in vehicles. As well, some loads are never constant, making it a necessity 63 to analysis the TEG-converter systems when they are subjected to different loads. In our 64 previous study [19] , an IC-based MPPT method is presented with a ramp step temperature on 65 the hot side and a constant temperature on the cold side whereas the converter is subjected to a 66 constant resistive load. Therefore, it is necessary to test the TEG-converter system with a 67 random temperature because temperature profiles are random in most of the real applications.
68
Moreover, it is necessary to analyse the system with a variable load to identify the optimal load 69 for the TEG-converter system to perform near its maximum potential. The objective of this 70 work is to investigate the parameters of TEG-dc-dc converter system enabled by incremental 
Thermoelectric module

77
A Single p-n pair of the TEG module is shown in Fig. 1 will have a positive potential. Similarly, negative free charges (n-type material) will produce a 85 negative potential at the cold end. 
93
Where S p,n is the Seebeck coefficient of n-type or p-type material; σ p,n is the electrical 
TEG-dc-dc converter model
107
The developed model is shown in Fig. 2 Table I . 
175
The maximum output current delivered by the converter is calculated as
177
Where _ is the minimum value of current for the IC given in datasheet. 
186
To select the diode, the average forward current rating required is equal to
Where is the diode's average forward current.
189
For reduced losses, Schottky diode types should be utilized. They also have higher peak 190 current than their rating and the higher peak current is not a problem. The power dissipated by 191 the diode is:
Where is diode's Forward voltage. Where is the forward current.
202
The next step is to select the capacitance. 
Incremental conductance algorithm
226
The IC method operates by incrementally comparing the ratio of derivative of conductance 227 with the instantaneous conductance. This is due to the fact that at maximum power point It is also clear that as the converter load increases, the input and output voltages also rise. This load is referred to as the optimal load at which the total resistance of the converter
292
(including the ESR and other parasitic resistance of the components) is equal to the internal 293 resistance of the TEG, Rint. At this point, the load is said to be matched and it is advisable to 294 operate the converter at this load to harvest maximum power from the TEG-dc-dc converter 295 system. The increase in Th results in the corresponding increase in internal resistance of TEG 296 device leading to the rise in the optimum points due to increase in the value of matching load 297 resistance as seen in Fig. 7 . Given the nature of the variation of the internal resistance of TEG,
298
it is very hard to archive the load matching point, hence the use of MPPT algorithm. temperature. The output current is maximum at zero load. In ideal circuit, the current is always 307 zero at zero load but in this case the current is maximum since there is some ESR resistance in 308 the output capacitor which is parallel to the output terminal. So, the current through the diode 309 takes the easiest path to the ground. 
342
Therefore, it can be concluded that in cases where a fixed load is connected to the converter, it
343
is not suitable to change the duty cycle even at different values of Th. Rload =4. The noticeable difference is that the voltage is increased to 4.6V peak for Rload =4 379 load as compared to 2.9V peak for Rload =1.1. Additionally output current is reduced to 1.2A 380 peak down from 2.6A peak. 
393
The difference cannot be clearly observed on the graph but rather on calculations. Therefore, 394 similar results are indicated in Fig. 16 as those in Fig. 15 since the converter load is the same.
395
However at a higher value D i.e. D = 0.5, the converter fails to weed out some of the peaks 396 from the input voltage. Hence the input voltage as well as output voltage and current are 397 observed with over shooting behaviour in Fig. 17 , which may result into more converter losses.
398
It is therefore recommended to use a converter at a lower duty cycle to get a highly stabilised 399 output power. However, the best option is to make use of MPPT algorithm since it 400 automatically choose the MPP without the need to adjust the duty cycle. 
Effect of the converter components on the accuracy of the results
410
In this section, the cause of inaccuracy in converter output parameters are discussed. As ripple can be observed to increase when the ESR is increase from1e-9 to 1x10 -6 Ω in Fig. 18b . The effect of ripple voltage can clearly be noticed if the load is increased from 0 to 1. The switching frequency also needs proper tuning as it affects the output parameters. 
